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Abstract

Covalent modification of protein targets has application in both protein activity profiling and
in drug discovery. Covalent warheads typically contain an electrophile that selectively reacts
with nucleophilic residues in a protein target, such as cysteine, serine and threonine. Expanding
this to other amino acids is an emerging strategy in covalent probe design. Allenes, while known
in synthetic chemistry, have not been widely reported for their use as covalent warheads. This
study reports the discovery and characterisation of the covalent reaction between a novel allene
warhead and a histidine residue in the active site of the bacterial thiol-disulfide oxidoreductase
enzyme Escherichia coli DsbA (EcDsbA). The covalent interaction was characterised by X-ray
crystallography, nuclear magnetic resonance spectroscopy, and mass spectrometry. This
analysis provided insights into the structure, reaction rate and selectivity of the allene.
Investigation of the reactivity with nucleophilic amino acids revealed that the reaction with the
allene warhead shows some specificity for the histidine in the active site of EcDsbA. This
discovery expands the tools of chemical biology by identifying a novel warhead that covalently

modifies a histidine residue. This may offer new avenues for targeted protein modification.
Introduction

Covalent binding to protein targets is widely utilised in chemical biology and has become more

prevalent in drug discovery. Covalent modifiers have multiple pharmacological advantages but

https://doi.org/10.26434/chemrxiv-2024-pmf6p ORCID: https://orcid.org/0000-0002-9230-7506 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0


https://doi.org/10.26434/chemrxiv-2024-pmf6p
https://orcid.org/0000-0002-9230-7506
https://creativecommons.org/licenses/by-nc-nd/4.0/

also present numerous risks and challenges.’* Many covalent drugs were discovered by
serendipity,® and their modes of action were established afterwards. More recently, the strategy
of targeted covalent inhibition (TCI) has been developed.®® TCl is a target-based approach to
drug discovery, in which a nucleophilic amino acid is targeted, and warheads are selected or
screened early in the program to identify those that form covalent adducts. Cysteine is an amino
acid residue that is widely targeted in TCI approaches because of its high nucleophilicity and
low abundance.’® However, not all protein targets possess a cysteine residue that is both
amenable to covalent modification and either within or adjacent to their active site. Therefore,
there is interest in expanding both the number of warheads and the amino acid residues that can

be targeted.!0:1!

Histidine is a residue that is potentially amenable to the TCI approach!®? being a common
catalytic residue,'® found in many active sites** and in a nucleophilic form.'®> There are several
examples where covalent modification of histidine has been reported using different covalent
warheads including epoxides,'®® o,B—unsaturated carbonyl moieties'®??> and more recently

fluorosulfates and sulfony! fluorides.?*-%

Allenes are utilised in synthetic chemistry as electrophiles.?® However, there are few reports of
allenes being used in bioorthogonal transformations. Allenamides have been found to inhibit
EGFR partially?’” and were reported as a bioisosteric replacement of the acrylamide warhead in
osimertinib, an approved EGFR inhibitor.? However, there is no structural data in these reports
to confirm the specific mechanism of covalent inhibition. Allenamides have also been reported
to react with cysteines in peptides.?® Alkyne containing ligands have also been reported as
covalent modifiers where the reactivity of the alkynyl group was attributed to allene formation

in situ.30-34

Escherichia coli DsbA (EcDsbA) catalyses the formation of disulfide bonds and is essential for
the correct folding of multiple bacterial virulence factors, making it a key regulator of virulence
in E. coli.®® Studies have shown that bacteria lacking functional DsbA are avirulent,3®
highlighting EcDsbA a promising antibacterial target. Previously, small molecules,®-*° a
peptide-based inhibitor*! and a covalent inhibition strategy targeting the active site cysteines*?
have been reported against EcDsbA. However, these cysteine-targeting warheads were
unexpectedly found to be substrates of EcDsbA and did not form stable covalent adducts.*> To
our knowledge, there are currently no reports of effective covalent inhibitors that modify the
cysteines at the active site of EcDsbA. EcDsbA also has a histidine (His32) located in the active
site adjacent to the substrate binding pocket, which is termed the hydrophobic groove, and is
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also the binding site for several small molecules.®”-4% 43 We report here the identification and
characterisation of the covalent adduct formation between His32 of EcDsbA and an allene
warhead. Understanding this interaction could potentially provide an opportunity to design
better covalent EcDsbA inhibitors in the future but also highlights the potential of allenes as a

covalent warhead for modification of histidine.

Results

A fragment screen against oxidised EcDsbA conducted by our group identified fragment 1 as a
hit with weak affinity (Figure 1A).** %4 During the course of development of this fragment,
elaboration of fragment 1 with an alkyne extension at the phenyl ring was designed, and
analogues butynoic acid 6 and ester 7 were initially targeted for synthesis. This was conducted
via amidation of aniline 3 with the isoxazole-3-carboxylic acid 2, Sonogashira coupling with
butynol, Jones oxidation to the carboxylic acid and Fischer esterification (Figure 1B). Initial
characterisation by *H and *C -NMR in CDCls were consistent with alkyne 7. However, in de-
DMSO and aqueous buffer allene 8 was found to be the major species by NMR. (Supporting
Information, Section 1.4). Nevertheless, the sample was screened using a series of biophysical
assays, where analysis of the binding data suggested that the allene bound covalently to
EcDsbA.
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Figure 1: Design and synthesis of allene 8. A) The structure of fragment 1. B) Synthesis of
allene 8. Abbreviations: HATU = 1-[Bis(dimethylamino)methylene]-1H-1,2,3-triazolo[4,5-
b]pyridinium 3-oxid hexafluorophosphate; DIPEA = N,N-Diisopropylethylamine; DCM =
Dichloromethane; TEA = Triethylamine; rt = room temperature.
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To identify the site of labelling, the structure of allene 8 bound to oxidised EcDsbA was
obtained by X-ray crystallography. This revealed that allene 8 was covalently bound to Ne¢ of
His32 (Figure 2). The phenyl ring was bound within the hydrophobic substrate-binding groove
of EcDsbA, where it formed a z-stacking interaction with Phel74 (Figure 2B). In addition, the
amide of allene 8 made a hydrogen-bond with GIn35, and two additional water-mediated
hydrogen-bonds were formed with Thr168. To confirm His32 as the covalent modification site,
peptide mass fingerprint (PMF) analysis of the proteolysed covalent adduct identified the
Pro31-His32-Cys33-Tyr34 peptide sequence as the site of allene 8 labelling (Supporting
Information, Section 2.6). To eliminate Cys33 as the site of labelling, ECDsbA and the covalent
adduct were alkylated with 4-acetoamido-4’-maleimidylstilbene-2,2'-disulfonic acid (AMS)
and showed similar labelling of cysteines for both samples (Supporting Information, Section
2.7).% Therefore, both the PMF and AMS data are consistent with X-ray crystallography in

indicating that the His32 imidazole is the site of modification.

A) c30 u

Hydrophobic
H32 _ Groove

Figure 2: Structural characterisation of allene 8 bound to oxidised EcDsbA. A) The X-ray
crystal structure of allene 8 in complex with oxidised EcDsbA (grey surface, lines and cyan
sticks) revealed the presence of a covalent bond between the Ne of His32 (cyan sticks) and the
allene 8 (blue sticks) within the hydrophobic substrate-binding groove of EcDsbA (orange
surface). B) Interactions of allene 8 (blue sticks) with EcDsbA (grey cartoon, grey lines and
cyan sticks). Hydrogen-bonds are shown as red dashes and the m-stacking interaction as blue
dashes.

To characterise the rate of formation of the covalent adduct, a series of 1°>N-'H heteronuclear
single quantum coherence (HSQC) nuclear magnetic resonance (NMR) spectra of °N labelled
oxidised EcDsbA was acquired after the addition of allene 8 over the course of three days and
subsequently after 1 week (Figure 3). Overlay of the spectra revealed that immediately after the

addition of the allene 8 minor chemical shift perturbations (CSPs) were observed for several
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peaks around the hydrophobic groove and the active site (Supporting Information, Figure S12).
This is consistent with a weak non-covalent interaction between allene 8 and oxidised EcDsbA.
Subsequent spectra showed a gradual loss of intensity for these peaks and the formation of a
new set of peaks at different chemical shifts. These peaks were interpreted to be consistent with
formation of the covalent adduct (Figure 3D). After 40 hours, the HSQC spectrum revealed that
full conversion to the covalent adduct had occurred. No further change was observed in the
HSQC spectrum acquired one week after the reaction was initiated. The sample was then
purified by size-exclusion chromatography to remove any non-covalently bound small
molecules, and an additional *>N-tH HSQC spectrum was recorded. No change in the HSQC
spectra was observed following size-exclusion chromatography, providing evidence of stable
covalent labelling (Supporting Information, Figure S13). The time-dependence of the peak
intensity was analysed for well-resolved peaks in the HSQC spectrum. The loss of intensity for
peaks observed in the initial spectrum, and the gain in the intensity of peaks representing the
covalent adduct were fitted using a single exponential model. This analysis demonstrated
similar rates of signal loss to signal growth (k = 0.10 + 0.01 h'* and 0.10 + 0.01 h') consistent
with the initial peaks representing a non-covalent complex, which is converted over time into a

covalent adduct (Figure 3C).
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Figure 3: ©*N-'H HSQC NMR characterisation of covalent adduct formation. HSQC data were
acquired over a time course of 1 week at 25 °C. A) Overlay of **N-*H HSQC spectra of the apo
EcDsbA (black), the initial non-covalently bound EcDsbA (blue), and the covalently bound
EcDsbA (red). B) Expanded view showing the resonances of Glu38, GIn97, GIn164 and Thr168
where the cross peaks for the covalent species are resolved. C) Time course of average
normalised intensity of well-resolved peaks fitted to single exponential models. D) 1D
projections showing the time dependent changes in the intensity of the Thr168 resonance.

The kinetics were also characterised by generating liquid-chromatography mass spectrometry
(LCMS) data for samples containing oxidised EcDsbA in the presence of increasing
concentrations of allene 8. Samples containing 20, 40, 80, and 120 uM of allene 8 and 10 uM
EcDsbA were analysed periodically over 3 days. (Figure 4). The intensity of the deconvoluted
LCMS peak data showed a concentration dependent increase in the rate of covalent species
formation (Figure 4). Both the HSQC NMR and LCMS data analysis revealed that the rate of
covalent labelling of EcDsbA with allene 8 is very slow (k ~ 0.04-0.1 h'Y). A linear fit of the
observed rate constant (Kobs) to the concentration of allene 8 was performed to determine the

second-order rate constant (Kinact/Ki) which was found to be 0.24 MIs! (Supporting
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Information, Figure S15). Although slow, this rate of reaction is higher than the intrinsic
reaction rates that were determined for a library of weak electrophiles that are of comparable
size to allene 8.4 Furthermore, this is similar to the reaction rate that was measured for a

covalent fragment binding to KRAS®'%C in an electrophilic fragment-to-lead campaign.*’

- 100
A)| Time:95h EcDsbA + Allene 8 B) ~*— 120 uM 8; k = 0.08 + 0.01 h-!
70 21429.08 £ 80 ™80 uM 8; k=0.07 £ 0.01 h”
60 ] :40 uM 8; k=0.05 £ 0.01 h"!
o EcDsbA T 20 uM 8; k = 0.04 + 0.01 h”
£501 2113075 | 63% 2 60
3 40 =
Q | | T 40—
30 | 37% 5
a
20 , 2 20 4
10 .,
0 i I\ \ 0
21100 21200 21300 21400 21500 21600 0 5 10 15 20
Deconvoluted Mass (Da) Time (h)

Figure 4: LCMS characterisation of covalent reaction between oxidised EcDsbA and allene 8.
A) Deconvolution of the data acquired with 120 uM allene 8 and 10 uM oxidised EcDsbA in
50 mM HEPES, 50 mM NaCl, pH 6.8 with 2% ds-DMSO at 9.5 h showing the relative
quantification of the peaks of the two species defined as % Quantitative Height. B) Plot of the
% peak height of the free protein vs time (h) showing the rate of depletion of free ECDsbA at
each allene 8 concentration with fitted rates at 20, 40, 80 and 120 uM allene 8 with 10 uM
oxidised EcDsbA.

To probe the selectivity of the allene warhead, covalent labelling experiments were conducted
with N-acetyl methyl ester derivatives of nucleophilic amino acids Cys, His, Ser, Lys, Arg and
Tyr 9—-14 (Supporting Information, Figure S16). Allene 8 was reacted with each amino acid and
product formation was measured by LCMS over 4 days. Allene 8 was found to react only with
Ac-Cys-OMe 9 over this time course. Notably, no product mass was found from the reaction
between the allene 8 and Ac-His-OMe 12.

To ascertain the relative reactivities between Cys, His and EcDsbA (i.e. the reaction with
His32), the reactions between allene 8 and Ac-Cys-OMe 9 or Ac-His-OMe 12 were monitored
by H-NMR. Consistent with the LCMS analysis, Ac-His-OMe 12 remained unreactive toward
allene 8 over 3 days while Ac-Cys-OMe 9 showed evidence of covalent adduct formation. Well-
resolved peaks of the allene 8 and Cys adduct 15 were identified (Figure 5A and 5B) and the
average peak intensities were fitted to a single exponential model (Figure 5C). Analysis of the
intensities demonstrated similar rates of signal loss to signal growth (k = 0.31 + 0.01 h'! and
0.43 £ 0.01 h1). This data suggests that Ac-Cys-OMe 9 reacts with allene 8, 3—4 times faster
than His32 of EcDsbA (**N-'H HSQC time-course rates k = 0.10 = 0.01 h™1). As no product was
found from the reaction between allene 8 and Ac-His-OMe 12, the reaction with EcDsbA His32
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may be influenced by an initial non-covalent binding event (as observed in the **N-H HSQC)

or His32 of EcDsbA may be significantly more reactive than free histidine.
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Figure 5: Reactivity assessment of allene 8. A) The reaction between allene 8 and Ac-Cys-
OMe 9. B) H NMR of the reaction of allene 8 (highlighted with blue bars) to cysteine adduct
(highlighted with red bars) peaks used for the rate calculations at selected time points. C) Single

exponential model fitted to normalised average peak intensities of NMR data.

Aside from the structural, kinetic and selectivity investigations, the effect of allene-labelling on

the function of EcDsbA was determined using a time-resolved fluorescence resonance energy

transfer (TR-FRET)-based peptide oxidation assay.*® A concentration dependant decrease in %

activity with an increase in allene labelling of EcDsbA was observed (Supporting Information,

Figure S21), demonstrating the allene 8 covalent labelling results in the inhibition of EcDsbA

activity.

Conclusion

In conclusion, this study reports the identification and characterisation of a novel covalent

interaction between an allene warhead and the histidine residue in the active site of EcDsbA.

Through comprehensive structural, kinetic and reactivity studies, it was shown that the allene

warhead specifically reacts with His32 of EcDsbA, forming an irreversible covalent adduct.
Kinetic studies using *°N-'H HSQC NMR and LCMS demonstrate that the rate of reaction is

slow. While the thiol of Ac-Cys-OMe has a 3—4-fold increased rate of reaction with allene 8,

the lack of reactivity with Ac-His-OMe indicates a specific preference for the histidine residue
in EcDsbA. It is possible that the increased reactivity with His32 of EcDsbA is due to the non-

covalent interaction of allene 8 with the protein. This opens a potential route to the development

of increasing the rate of reaction with ECDsbA by increasing the affinity of the non-covalent

interaction. If the affinity of the interaction could be improved without increasing the intrinsic
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reactivity of the allene warhead, this strategy would likely result in an improved selectivity.
These findings expand the toolbox of covalent modification strategies in chemical biology by

introducing allenes as potential weak electrophiles for targeted histidine modification.
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